The MolMod database is presented, which is openly accessible at http://molmod.boltzmann-zuse.de/ and contains presently intermolecular force fields for over 150 pure fluids. It was developed and is maintained by the Boltzmann-Zuse Society for Computational Molecular Engineering (BZS). The set of molecular models in the MolMod database provides a coherent framework for molecular simulations of fluids. The molecular models in the MolMod database consist of Lennard-Jones interaction sites, point charges, and point dipoles and quadrupoles, which can be equivalently represented by multiple point charges. The force fields can be exported as input files for the simulation programs ms2 and ls1 mardyn, Gromacs, and LAMMPS. To characterise the semantics associated with the numerical database content, a force-field nomenclature is introduced that can also be used in other contexts in materials modelling at the atomistic and mesoscopic levels. The models of the pure substances that are included in the data base were generally optimised such as to yield good representations of experimental data of the vapour-liquid equilibrium with a focus on the vapour pressure and the saturated liquid density. In many cases, the models also yield good predictions of caloric, transport, and interfacial properties of the pure fluids. For all models, references to the original works in which they were developed are provided. The models can be used straightforwardly for predictions of properties of fluid mixtures using established combination rules. Input errors are a major source of errors in simulations. The MolMod database contributes to reducing such errors.
Introduction
Reliable information on thermophysical properties is of fundamental importance for the development and optimisation of processes in chemical engineering, but also in many other fields, such as energy conversion and storage. With the increasing availability of computational resources, simulation techniques are today an attractive alternative to classical experiments in laboratories to obtain accurate thermophysical properties [1] [2] [3] . Compared to laboratory experiments, computer experiments have the advantage, that problematic substances (toxic, flammable, explosive etc.) and extreme conditions can be studied without any problems. Computer experiments, like molecular dynamics (MD) and Monte Carlo (MC), have therefore become an accepted complement and sometimes even substitute to traditional experimental work.
Therefore many scientific journals that were afore focussed on reporting experimental data on thermophysical properties have started recently to accept and also call for corresponding molecular simulation data [4] . Especially phase equilibria, transport and interfacial properties of pure fluids and fluid mixtures are of special interest in chemical engineering and also in many other fields. Knowledge of these thermophysical properties is often required for a wide range of temperature and pressure and with a high accuracy. The accuracy of thermophysical property obtained by molecular simulation, in the sense that the simulation shall reproduce properties of real substances, depends mainly on the applied force field.
The development of suitable force fields is therefore of prime importance for the success of molecular methods in materials modelling. Moreover, it is not sufficient that good force field are developed. They must also be made available to potential users in a way that they can be handled easily in the simulation package with which the user wants to carry out his work. This is of special importance, as input errors are known to be one of the major sources of simulation errors [5] . The present work addresses this challenge.
Generalised force fields, such as CHARMM [6] [7] [8] [9] , AMBER [10] [11] [12] , or GROMOS [13, 14] , are mainly used for biological systems, and focus therefore on aqueous systems at near-ambient conditions. Such generalised force fields mostly do not satisfy the accuracy that is required in chemical engineering for data on phase equilibrium, transport and interfacial properties. Force fields that are particularly aiming at an accurate description of phase equilibria are for example OPLS [15] [16] [17] , TraPPE [18] , and OPPE [19] [20] [21] . They are transferable force fields which means that the interaction parameters of chemical groups or atoms can be transferred among substance families.
The molecular models of the pure substances in the MolMod database [22] were tailored to describe thermophysical properties of that substance. Only fluid properties are considered. The interaction parameters of a molecular species are only valid for that very substance, i.e. no extrapolation to other substances is intended. The advantage of this individual parametrisation lies in the high accuracy of each model which can be achieved. Furthermore, it is known that using such models, extrapolations to other thermophysical properties and other conditions than those that were used in the parametrisation are often successful [23] [24] [25] [26] . The models can also be applied for studying fluid mixtures using well-established combination rules [27] . The force fields in the MolMod database were developed under the auspices of the Boltzmann-Zuse Society of Computational Molecular Engineering (BZS) as described in more than 30 original peer-reviewed publications. The molecular models were parametrised in a consistent way with respect to vapour-liquid equilibrium data, which is therefore described very well. Other pure component properties, such as homogeneous pvT data, caloric properties, speed of sound, interfacial properties, predicted from these models were found to be in good agreement with experimental data -where available [25, [28] [29] [30] [31] [32] [33] . The MolMod database currently consists of molecular models of approximately 150 pure substances of mainly moderately sized molecules that are modelled as rigid bodies. Also some models for ions are included in the database. The molecular models in the MolMod database consist of Lennard-Jones interaction sites, point charges, and point dipoles and quadrupoles.
The models can also be combined to model mixtures. Usually the Lorentz-Berthelot combination rules are found to yield acceptable predictions of the behaviour of binary and multicomponent mixtures. However, the accuracy is then often below that which is achieved for the pure substances. To obtain similar accuracy also for mixtures, it is often sufficient to adjust a single state-independent binary parameter in the Berthelot combination rule for the dispersive cross-interaction [27, 34] .
The core of the MolMod database is a download feature for several molecular simulation codes. The codes that are supported in the present version are: LAMMPS [35] , Gromacs [36], ms2 [37], and ls1 mardyn [38] . Databases that provide input files for molecular interactions and generalised force fields have already been introduced in the fields of microbiology and chemistry [8, 9, 12, [39] [40] [41] [42] ], but to the best of our knowledge not for individually parametrised highly accurate molecular force fields, focussing on the description of thermophysical properties of fluids.
The MolMod Database
The MolMod database http://molmod.boltzmann-zuse.de (Web frontend cf. Fig. 1 ) provides a range of search functionalities, e.g. for substances, CAS-numbers, model classes etc. Each molecular model has an individual page, which contains the full specification of the molecular model and the download links for the input files. Also, each molecular model is hyperlinked to the original publication. The database contains a comprehensive nomenclature section that describes the specifications in the input files for all supported simulation programs to facilitate the simulators integrating the force fields in their simulation workflows. Known misprints in publications are clearly emphasised in the database.
All force fields in the MolMod database are currently rigid single-or multi-site models, consisting of Lennard-Jones 12-6 interaction sites, point charges, point dipoles, and point quadrupoles. All supported interaction potentials are pairwise additive.
In all models, the repulsion and dispersion between two particles i and j at a distance r ij is described by the standard Lennard-Jones 12-6 potential:
where ε is the dispersion energy and σ the size parameter of an interaction site. The interaction between two different Lennard-Jones sites are described by the Lorentz-Berthelot combination rules [43, 44] .
The electrostatic interactions in the database are modelled by point charges, point dipoles, and point quadrupoles. The latter two describe the electrostatic field of two and four point charges of the same magnitude, respectively. The advantage of higher order polarities in molecular simulations lies in a speedup of their computation of up to 60% compared to the a corresponding arrangement of point charges [45] .
It has also been claimed that multipoles give a better description of electrostatic interactions [46] .
The electrostatic potential between two point charges q i and q j is given by Coulomb's law
where q is the magnitude of the charge and r ij the distance between two point charges.
A point dipole describes the electrostatic field of two point charges with equal magnitude, but opposite sign at a mutual distance a → 0. Its dipole moment magnitude is defined by µ = qa. The electrostatic potential between two point dipoles with the moments µ i and µ j at a distance r ij is given by [47] [48] [49] 
where the angles θ i , θ j and φ ij indicate the relative angular orientation of the two point dipoles with θ being the angle between the dipole direction and the distance vector of the two interacting dipoles and φ ij being the azimuthal angle of the two dipole directions.
A linear point quadrupole describes the electrostatic field induced either by two collinear point dipoles with the same moment, but opposite orientation at a distance a → 0 or three point charges, e.g. (q, −2q, q). The quadrupole magnitude Q is defined as Q = 2qd 2 , where q is the characteristic magnitude of the three charges, and d is the distance between each of the outer charges (magnitude q) and the −2q charges in the centre. The interaction potential is given by [47] [48] [49] 
where the angles θ i , θ j and φ ij indicate the relative angular orientation of the two point quadrupoles.
The interaction potentials between unlike electrostatic site types can also be derived from the laws of electrostatics straightforwardly. For a detailed derivation of these equations, cf. Gray and Gubbins [48] For mixtures of fluids from the MolMod database, the modified Lorentz-Berthelot combination rules proved to give an accurate description of fluid mixtures [27, 34, 50] :
where ξ and η are state-independent adjustable binary interaction parameters to explicitly consider the non-ideality of the respective mixture. Binary interaction parameters ξ adjusted to binary vapour-liquid equilibria data [34, 51] are available for approximately 400 mixtures of molecular models from the MolMod database. It could be shown that the unmodified Lorentz combination rule, i.e. η = 1 is a good approximation in most cases [27] . Using the input files provided by the MolMod database for the simulation of mixtures with the programs ms2 and ls1 mardyn is straightforward [37, 38] as their syntax only requires the additional specification of the mole fractions and eventually the binary interaction parameters for mixtures. Numerical values for the binary parameters ξ will be included in the database by future work.
The parametrisation of molecular models that are part of the MolMod database was usually carried out in two steps: The geometry and charge distribution of multi-site models was obtained from quantum chemical calculations. The remaining intermolecular interactions were then optimised to vapour-liquid equilibrium data, i.e. saturated liquid density, vapour pressure, and enthalpy of vaporisation. Also, automated simulation and optimisation workflows have been employed, operating in the parameter space locally [52, 53] as well as globally [54] , which leads to a significant reduction of the effort. Multicriteria optimisation based on the analysis of a Pareto set has also been employed for the parametrisation lately [55] [56] [57] to explicitly consider conflicting objectives. The agreement with experimental data is typically found to be within 4% for the vapour pressure, 0.5% for the saturated liquid density, and 3% for the enthalpy of vaporisation. Predicted thermophysical properties that were not considered during the parametrisation agree with experimental data approximately 10% for transport properties, and 20% for surface tension data. In some cases, the deviations of the model behaviour from the available experimental data is smaller than the experimental uncertainty for a wide variety of thermophysical properties [26] .
Some of the molecular models have also been employed to complement experimental data sets for the development of high-accuracy equations of state [30, 58] for engineering applications. 
Available Input Formats
Questions regarding the molecular topology and the interaction specifications in a certain simulation program are among the most common ones in the mailing lists, for example for LAMMPS [35] and
Gromacs [36] . The 'by hand' implementation of force fields is a sensitive task [5] Since these molecular simulation codes are based on different approaches to realise for example multipole interactions, the geometry definition or the rigidity constraint of molecules, on the fly conversion routines were implemented in the database.
Since most simulation programs cannot handle point dipoles or point quadrupoles explicitly, they are converted on the fly into the corresponding configuration of point charges, i.e (+q, −q) for dipoles and (+q, −2q, +q) for quadrupoles. Despite the fact that point multipoles are computationally much cheaper than a corresponding configuration of point charges, both are physically equivalent [80] . As there is one degree of freedom for replacing point dipoles and point quadrupoles by point charges, a rational choice for one parameter -either the elongation or the magnitude of the point charge -has to be made. This problem was addressed in the work of Engin et al. [80] for the molecular model class of 2CLJD and 2CLJQ. Engin et al. [80] could show that setting the distance a or d between the two point charges to
where σ is the size parameter of the Lennard-Jones site, leads to excellent agreement between a multipole and the corresponding configuration of point charges. The magnitude of the two point charges q for a dipole is then straightforwardly computed as
for dipoles and
for quadrupoles. This method was extended in the MolMod database to arbitrary molecular structures by calculating the parameter a or d by means of the Lennard-Jones interaction site closest to the point dipole according to the Euclidean norm. Also, the geometry of the molecular models is adapted to the demands of each simulation program, as some require internal Z-matrix coordinates and others xyz -coordinates.
Particular care was also taken regarding the units of each numeric value.
Each molecular force field consists of a single and unique set of parameters that is converted on demand into the desired input file format. All data is stored in the database using SQL (structured query language)
to ensure flexibility and robustness with the data handling. All types of molecular force fields in the MolMod database were validated for the supported simulation programs.
Nomenclature
A comprehensive description of the nomenclature for all supported input files is given to facilitate the integration of the force field input files into the workflow of a simulator. The input files for the different simulation programs that are provided by the MolMod database contain basically only numbers in the prescribed formats, sometimes in combination with keywords. As such they are ready-to-use. This is sufficient for standard applications of the corresponding simulation programs. But numbers that carry no semantics are insufficient for anything that goes beyond plug and play. Therefore, the MolMod database contains a comprehensive description of the content of the input files for all supported simulation programs and the force field definition in the MolMod web frontend. This description of meaning of the provided data enables using the data also in non-standard applications and ensures that the contents become genuinely interoperable with data and metadata from other sources, for example for the Virtual Materials
Marketplace (VIMMP) where data pertaining to a variety of modelling paradigms need to be processed and made accessible to end users in a coherent way [81] .
Appropriate semantic assets were defined for each entity of the database and eventually for their relations. The database was then complemented by an according nomenclature, i.e. a conceptual model of the employed entities in a descriptive form that is to be processed by humans, not by machines. This nomenclature, which is available on the MolMod web frontend, builds on -and is compatible with -the Review of Materials Modelling (RoMM) by de Baas [82] . It defines the sense in which the terms associated with the database entries are meant to be used, including, but not limited to:
• geometry definitions (xyz -coordinates, Z-matrix, angle and dihedral definitions, etc.)
• definition of multipole moments and equivalent point charge configurations
• employed unit systems.
Summary and Future Work
In In its present version, the MolMod database only contains models of simple fluids without internal degrees of freedom. An extension to large molecules that require a modelling with internal degrees of freedom is interesting. The same holds for an extension to the Mie potential instead of the Lennard-Jones 12-6 potential. Future work will also aim at providing input files for other molecular simulation programs than Gromacs, LAMMPS, ms2, ls1 mardyn, that are already served.
Ongoing and future developments will also advance the semantic technology that underlies to the MolMod database to include (or attach to) machine-readable assets, e.g. by rigorously relating the present nomenclature, that categorises and describes atomistic and mesoscopic materials models, to the MODA Workow Graph Language [83] , ontologies such as the European Materials Modelling Ontology [84] , and the metadata model EngMeta [85] . This will facilitate integrating the MolMod database as a component into future development work towards open translation environments, i.e. platforms that generate materials modelling workflows that are tailored to the needs of the end user, and virtual marketplace platforms where materials modelling services and data access can be traded. Various approaches for providing such environments have so far been envisioned; cf. de Baas [82] for a detailed discussion of the position that semantic assets for molecular modelling and simulation, model repositories, and repositories for simulation data and metadata may occupy within a coherent approach to materials modelling interoperability and standardisation.
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